Maintenance of tissue-specific organ lipid compositions characterizes mammalian lipid homeostasis. The lungs and liver synthesize mixed phosphatidylcholine (PC) molecular species that are subsequently tailored for function. The lungs progressively enrich disaturated PC directed to lamellar body surfactant stores before secretion. The liver accumulates polyunsaturated PC directed to very-low-density lipoprotein assembly and secretion, or to triglyceride stores. In each tissue, selective PC species enrichment mechanisms lie at the heart of effective homeostasis. We tested for potential coordination between these spatially separated but possibly complementary phenomena under a major derangement of lung PC metabolism, pulmonary alveolar proteinosis (PAP), which overwhelms homeostasis and leads to excessive surfactant accumulation. Using static and dynamic lipidomics techniques, we compared (1) tissue PC compositions and contents, and (2) in lungs, the absolute rates of synthesis in both control mice and the granulocyte-macrophage colony-stimulating factor knockout model of PAP. Significant disaturated PC accumulation in bronchoalveolar lavage fluid, alveolar macrophage, and lavaged lung tissue occurred alongside increased PC synthesis, consistent with reported defects in alveolar macrophage surfactant turnover. However, microscopy using oil red O staining, coherent anti-Stokes Raman scattering, second harmonic generation, and transmission electron microscopy also revealed neutral-lipid droplet accumulations in alveolar lipofibroblasts of granular macrophage colony-stimulating factor knockout animals, suggesting that lipid homeostasis deficits extend beyond alveolar macrophages. PAP plasma PC composition was significantly polyunsaturated fatty acid enriched, but the content was unchanged and hepatic polyunsaturated fatty acid-enriched PC content increased by 50% with an accompanying micro/macrovesicular steatosis and a fibrotic damage pattern consistent with nonalcoholic fatty liver disease. These data suggest a hepatopulmonary axis of PC metabolism coordination, with wider implications for understanding and managing lipid pathologies in which compromise of one organ has unexpected consequences for another.
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Clinical Relevance
The demonstration of hepatic steatosis accompanying pulmonary alveolar proteinosis is a novel observation that provides further insights to the derangement of whole body lipid metabolism associated with granular macrophage colonystimulating factor ablation. Close links between lung and hepatic lipid metabolism are established. Together they provide insights to relevant additional clinical support that may be required in pulmonary alveolar proteinosis should these experimental animal observations be recapitulated in human patients.
Cell functions are underpinned in part by tight homeostatic control of membrane phospholipid metabolism (1) . This control is regulated at the levels of synthesis, degradation, and transport, and the cumulative consequences of even very small imbalances in one or more parameters are potentially catastrophic if they are not corrected (1) . To maintain equilibrium, a change in any parameter must be matched by a corresponding alteration in the others. Discordance in these mechanisms will lead to either a deficit or an excess of membrane lipid. In the former case, cell integrity and viability are compromised, and in the latter the aberrant accumulation of membrane phospholipid is often accompanied by lipotoxicity.
Lipotoxicity represents a general failure of lipid homeostasis, at the excess extreme, whereby ectopic accumulation of lipid droplets occurs in lean tissue. It is most frequently reported in the context of overfeeding or metabolic syndrome (2) . Excess lipids, predominantly triacylglycerol (TAG) and cholesterol esters, accumulate in major organs, including the heart, kidney, and liver, as well as in skeletal muscle and other tissues (3) . Sequelae can include cardiomyopathy (4), renal failure (5), cirrhosis (6) , and sarcopenia (7) . Mechanisms underlying impairments of affected cell functions include free fatty acid-mediated endoplasmic reticulum stress, ceramide formation, and oxidative damage leading to inflammation, apoptotic or necrotic cell death, and fibrosis.
Most animal models of lipotoxicity involve dietary manipulation and overfeeding. For example, excessive calorie load and obesity in rodents results in excess lipid-droplet accumulation within hepatocytes (6, 8) . This has been used as a model of the pathology seen in human nonalcoholic fatty liver disease (9) . Other lipotoxicities are modeled by targeted derangement and enforced imbalance of key regulatory elements of the lipid metabolism-related genome. One established human lung lipotoxic pathology is pulmonary alveolar proteinosis (PAP), characterized by an excessive accumulation of lipid-rich surfactant in the alveolar compartment (10) . The most common form of PAP is autoimmune in origin (11) , and antibody blocking of granulocytemacrophage colony-stimulating factor (GM-CSF) actions is the key feature of the disease process. Construction of a murine model by genetic ablation of GM-CSF recapitulated the major elements of the human PAP phenotype, including significantly deranged lung lipid homeostasis (12, 13) . Much subsequent PAP research with this model has focused on the lungs, specifically the excessive surfactant accumulation and lipotoxic overload of alveolar macrophages (AMs). AM accretion of lipid is attributed to compromised catabolic capacity (10) , and affected signaling cascade(s) downstream of GM-CSF involving PPARg have been extensively characterized (14, 15) . PAP investigations have not explored possible lipotoxic involvement in lung cell types other than AMs, or indeed more systemic consequences beyond the lung. Nevertheless, other lung pathologies show lipotoxic susceptibility in different lung cells. For example, in the lungs of obese (fa/fa) Zucker rats, ectopic lipid accumulates within the alveolar interstitium and lipofibroblasts as well as in AMs (16) . Transgenic models reinforce this understanding. The targeted activation of sterol-response elementbinding proteins (SREBPs) in pulmonary surfactant-producing alveolar type II (AT2) cells increases alveolar surfactant but leads to a neutral-lipid accumulation in the cells (17) . By contrast, blocking SREBP action in these cells by deleting the SREBP cleavage-activating protein gene, SCAP, in lung epithelia reduces AT2 surfactant synthesis but results in a localized neutral-lipid accumulation focused on lung lipofibroblasts (18) .
The possible involvement of PAP in systemic as well as local derangements of lipid homeostasis is important in the light of recent insights into AT2 cell surfactant metabolism (19) . AT2 cells specialize in the synthesis, enrichment, and transient accumulation/storage (before secretion) of saturated phosphatidylcholine (PC) as the major lipid component of pulmonary surfactant (20) . We previously showed that the absolute amounts of lung PC that are normally synthesized in vivo exceed surfactant requirements by at least an order of magnitude (19) , with the excess unsaturated PC that is not destined for alveolar secretion being returned to the circulation and presumably redirected to the liver via high-density lipoproteins (HDLs). It is likely, therefore, that shifts in PAP whole-lung surfactant PC metabolism result in changes in circulatory PC flux with systemic consequences.
Here, we explored PAP PC metabolism using detailed static and dynamic lipidomic technologies (19) . We coupled these technologies with lipid-focused histology to probe lung and liver responses to GM-CSF knockout (KO). We employed microscopic techniques, including oil red O (ORO) staining and transmission electron microscopy (TEM), along with more specific imaging techniques such as coherent anti-Stokes Raman scattering (CARS) for lipids and second harmonic generation (SHG) for collagen fibers. Alongside established AM lipotoxicities, we recorded significant whole-lung-tissue lipid accretion and associated fibrotic damage. We identified, for the first time, a distinctive hepatic lipotoxic phenotype including fibrotic damage, consistent with the notion that GM-CSF ablation effects extend systemically to affect aspects of whole-body lipid metabolism.
Materials and Methods
Studies were conducted in accordance with the Public Health Service Policy on Humane Care and Use of Laboratory Animals, and were approved by the East Carolina University Institutional Animal Care and Use Committee. GM-CSF KO mice have been previously described (12, 13) . The animals studied were age (8-12 weeks) and sex matched to wild-type C57Bl/6 controls obtained from The Jackson Laboratory (Bar Harbor, ME). Eight or more mice per group were used except when indicated otherwise.
Mice were injected intraperitoneally with 0.1 mg D9-choline (Sigma-Aldrich, St. Louis, MO) (19) for 3 hours. After the mice were killed, the lungs were lavaged (5 3 1 ml) and bronchoalveolar lavage fluid (BALF) was collected. Cells from BALF were harvested by centrifugation and frozen, with a portion retained for differential cell counts. Lavaged lungs, livers, and plasma were snap-frozen in liquid nitrogen and stored at 280 8 C.
Tissues for TEM were finely diced (2-mm cubes) and collected into 4% formaldehyde, 3% glutaraldehyde in 0.1 M PIPES buffer. After 5 days and two buffer washes in 0.1 M PIPES (pH 7.2), the samples were transferred to 1% OsO 4 in 0.1 M PIPES (pH 7.2) for 1 hour, washed twice, transferred to 2% aqueous uranyl acetate for 20 minutes, and then dehydrated through successive washes in 30%, 50%, 70%, 95%, and absolute ethanol. The samples were transferred to acetonitrile for 10 minutes and then incubated overnight in acetonitrile/resin (50:50). After a final incubation in resin for 6 hours, they were embedded in fresh resin polymerized at 60 8 C for 24 hours.
For other microscopy methods, unfixed tissue was allowed to come to the ambient temperature of the cryostat. The tissue was mounted in OCT embedding matrix (CellPath, Newport, Powys, Wales). Sections (7 µm for ORO staining and 25 µm for CARS/SHG) were cut and placed on 3-aminopropyltriethoxysilane-coated glass slides. ORO slides were air dried, washed, and stained with ORO solution, and then counterstained with Mayer's hematoxylin. Photomicrographs were collected via a Nikon (Tokyo, Japan) microscope with a 1003 oil immersion objective.
The CARS and SHG slides were air dried, PBS was added, and a coverslip was placed on top and sealed with nail varnish. Images were acquired with an in-housebuilt CARS-and SHG-capable, multiphoton microscope setup (21) . For SHG, the 835-nm pump beam served as the excitation. Up to 30 mW of average power from both the pump and the Stokes source was delivered to the sample with no photodamage. Samples were imaged with identical laser intensity. SHG and CARS signals, passed through suitable dichroics and narrow bandpass filters, were detected in the backward direction using a nondescanned geometry with photomultiplier tube detectors simultaneously in two separate channels. SHG signals were collected using a bandpass filter at 420 (6 10) nm. Image collection was performed using ScanImage3.6 (Janelia Farms, Ashburn, VA). Image processing and analysis were performed using ImageJ (22) .
Lipidomic analyses, including calculations of the absolute rates of lungtissue PC synthesis, were undertaken as previously described (19, 23, 24) .
Unpaired t tests were used for statistical analyses. Values were routinely expressed as the mean 6 standard error of the mean (SEM), with P values for significance as indicated for each experiment.
Results

Lung-Compartment PC Contents and Molecular-Species Compositions
In agreement with previous observations (13, 14) , GM-CSF ablation increased the PC recovered from the BALF supernatant after cell removal (by 7.5-fold; P = 0.0024) compared with controls ( Figure 1) . Unsurprisingly, the PC molecular-species composition profiles were particularly enriched in disaturated species, predominantly PC16:0/16:0 (Figure 2A) , which is characteristic of surfactant.
After careful washing to remove pelleted surfactant, the PC content of cells recovered from the BALF of these affected animals, predominantly lipid-engorged macrophages, was elevated (z 25-fold, P , 0.0001) compared with controls ( Figure 1 ). This vast excess of intracellular PC in BALF cells was also characterized by specific enrichments of disaturated PC (DSPC) and monounsaturated molecular species, which is consistent with surfactant accumulation but also reflects a significant extracellular pool of surfactant that could not be removed by washing ( Figure 2B ). Other, characteristically cell-membranerelated PC species were much diminished in proportional representation.
The PC content of extensively lavaged lung tissue was also elevated 2.79-fold (P = 0.024; Figure 1 ), indicating significant intracellular PC retention. Mass spectrometry analysis of lipid extracts of postlavage lungs from GM-CSF-ablated animals revealed that this residual lung PC pool was also proportionally enriched in DSPC ( Figure 2C ), implying a steady-state increase in surfactant PC retention/storage. This was considered most likely to be in the form of more lamellar body (LB) storage, although some contribution in KO animals from extracellular surfactant resistant to the extensive lavage protocol could not be excluded.
Additional data ( Figure E1 in the online supplement) showed that lavaged lung tissue phosphatidylethanolamine (PE) was unaltered in GM-CSF KO animals with regard to both content and composition. There was some significant variation in the proportions of phosphatidylinositol (PI) molecular species, with significantly more PI16:0/22:6 PI in the PAP animals. Phosphatidylglycerol and phosphatidylserine compositions were unaltered (data not shown), but no quantitation was undertaken for these phospholipids or PI.
Lung PC Synthesis and Alveolar Secretion
We previously established that the normal absolute rate of mouse lung PC synthesis in vivo far exceeds that required for surfactant secretion alone (19) , and that the The mean PC content of control samples were defined as 100% 6 SEM while increased content of equivalent samples from granulocyte-macrophage colony-stimulating factor-ablated animals expressed as a percentage of relevant control mean 6 SEM. Lavaged lung, n = 12 and 24; bronchoalveolar lavage fluid (BALF), n = 9 and 19; recovered cells, n = 11 and 14. *P , 0.02, **P , 0.0003, ***P , 0.000002. GM-CSF, granulocyte-macrophage colony-stimulating factor knockout; KO, knockout.
excess PC is likely subject to the basolateral route of removal (25) . Here, using a similar D 9 -choline labeling protocol, we determined the absolute PC synthesis rate in control lungs over a period of 3 hours in vivo to be 1.582 6 0.511 µmoles PC/g wet weight lavaged lung. In GM-CSF-ablated animals, this was significantly higher at 4.235 6 1.444 µmoles PC/g wet weight lavaged lung (mean 6 SEM, n = 4 and 12, respectively; P = 0.0037). The calculated rate of deuterated surfactant PC secretion into the BALF of control animals at 3 hours was more than an order of magnitude lower than the synthesis rate, consistent with previous work (19) , but an equivalent calculation for GM-CSF KO animals was unreliable. Deuterated DSPC was present at low levels in the BALF, indicating secretion of newly synthesized surfactant at 3 hours. However, due to a much greater dilution of the stable isotope with the excess unlabeled BALF PC, and consequent sensitivity limitations, no further meaningful inference was possible. We could not assess whether secretion rates were altered in the GM-CSF KO animals.
Plasma
Plasma lipid composition was evaluated. However, the steady-state total plasma PC contents were essentially identical between the GM-CSF KO and control animals (data not shown). The proportions of PC16:0/22:6 and PC18:0/22:6 were both significantly elevated (P , 0.02) in GM-CSF KO animals ( Figure E2 ). Neutral-lipid analyses evaluating circulating cholesterol ester, diacylglycerol and TAG profiles, and content variations did not reveal any differences between groups (data not shown). Analyses of the deuterated plasma PC profiles were uninformative after 3 hours of labeling with D9-choline, because this is not an optimal time point for undertaking such analyses. Although it is possible that greater variations in the lipid profile distribution between different lipoprotein particles exist, and that some variations in absolute flux through specific lipoprotein vectors, including HDLs, could occur, we could not address these possibilities on the basis of our data.
Livers
The 50% increase in the liver tissue PC content of GM-CSF-ablated animals from 8.31 6 0.86 µmoles/g wet weight in controls to 12.50 6 0.62 µmoles/g wet weight (mean 6 SEM, n = 9 and 20; P = 0.001) was an unexpected and novel finding. The unsaturated nature of normal liver PC composition is well established (24) , based on PC synthesized via N-methylation of liver phosphatidylethanolamine, which supports the hepatic synthesis of very-low-density lipoprotein (VLDL) (26) . In control animals, as anticipated, we found that the liver tissue PC molecular-species composition was already a mostly unsaturated lipid pool, consistent with previous work (24, 26) . The accumulated PC content that accompanies GM-CSF ablation resulted in a fractional superenrichment of PC16:0/18:2, PC16:0/22:6, and PC18:0/22:6, with an apparent decrease in saturated and monounsaturated molecular species ( Figure 3A) . However, when the same species are presented in terms of content ( Figure 3B) , it is strikingly clear that the saturated and monounsaturated species are actually statistically unchanged in abundance, and that polyunsaturated fatty acid (PUFA)-containing PC species are solely responsible for the additional PC mass present in GM-CSF livers. Figure E3 shows that the elevated liver PE content and superenrichment of PUFA species are consistent with a larger pool availability for the PE N-methylation route of hepatic PC synthesis.
Lipid-Focused Tissue Histology
Having identified PC accumulations in both lung and liver tissues of GM-CSF KO mice, we investigated the spatial distribution of lipids within those tissues. We probed for potential lipotoxic pathology using (1) ORO staining to identify accumulation of neutral-lipid droplets, (2) CARS microscopy to obtain a semiquantitative spatial characterization of lipid droplets, (3) SHG to identify any collagen associated with fibrotic changes, and (4) TEM to obtain a detailed intracellular view of lipid droplet distribution.
ORO Staining of Neutral Lipid
ORO staining of lavaged lung sections ( Figures 4A and 4B) , which does not routinely stain surfactant-containing LBs due to their lack of neutral-lipid content, identified sporadic neutral-lipid-rich droplets in control lungs ( Figure 4A ). These were likely associated with lipofibroblasts (19) and there was no evidence of widespread neutral-lipid accumulation in either alveolar type I (AT1) or AT2 epithelial cells. In contrast, substantial lipid droplet accumulations in epithelial cells from the GM-CSF KO animals were evident ( Figure 4B Figure 4C ), as the vast bulk of similarly sized neutral-lipid droplets was seen in the extracellular spaces, likely representing VLDL newly secreted from hepatocytes destined for the circulation. Comparable patterns of ORO staining in wild-type mouse liver have been reported previously (8) . After GM-CSF ablation, however, the liver neutral-lipid content was much more heavily stained with ORO ( Figure 4D ), with significant intracellular deposition and with a clear steatosis that exhibited appearance characteristics of both microvesicular steatosis and the more common macrovesicular steatosis (8) . 
CARS Microscopy
CARS microscopy is an imaging technique that is increasingly being utilized in biomedical applications (27) . It has been widely applied to image lipids and their structures in cells and tissues. It provides a noninvasive, nondestructive, and label-free modality to selectively image lipids in intact cells and tissue without the use of complex procedures for sample preparation and histopathological examination. Examples of its use include the differential diagnosis of lung carcinoma (28) and quantification of hepatic lipid in liver tissue (8) . In the liver, it has been shown that CARS can be used to evaluate hepatic microvesicular steatosis by detecting lipid droplets and quantifying their number and size (29) . Moreover, CARS signal intensities from lipid droplets are consistent with their neutral-lipid content, and CARS microscopy is more sensitive than ORO analyses.
Using CARS, we examined lavaged lung tissue and corresponding liver tissue sections from control and GM-CSF KO animals. The images presented in Figures 5   and 6 show an increased amount of lipid droplets in both cases of tissue from GM-CSF KO mice compared with controls, as quantified in Table 1 . Lavaged lung shows a huge increase in the GM-CSF KO signal compared with controls ( Table 1 ). The increase in lipid content is equally profound for liver from GM-CSF KO mice compared with controls (Table 1) . Although the overall increase in lipid droplets is clear, a change in size distribution is also observed. In both lung and liver tissues, there is an increase in the relative number of medium and large lipid droplets compared with small lipid droplets.
SHG Microscopy
SHG imaging is well established for imaging collagen fibrillar structures in cells and tissues (30) . In this work, SHG imaging was performed simultaneously with CARS microscopy. Thus, signals from the same areas were routinely acquired (Table E1) . Unexpectedly, the collagen amount and distribution increased significantly in both GM-CSF KO lung and liver, consistent with fibrotic damage accompanying lipid accumulation in both tissues. Liver fibrosis was confirmed histologically in GM-CSF KO animals by use of Sirius Red staining ( Figure E4 ), which showed both hepatic terminal venule fibrosis and a more diffuse collagen fiber deposition throughout the tissue. Lavaged lung slices could not be efficiently retained on the slides during staining and thus were not amenable to histology. Figures 7A and 7B) confirmed observations from ORO staining and CARS imaging, but also provided information about the spatial distribution of lipids at the individual cell level. Because lavaged lung tissue did not respond well to TEM fixation, unlavaged lungs were used. In normal, unlavaged lungs ( Figure 7A ) there was no evidence of lipid droplet accumulation alongside LBs in AT2 cells or in AT1 epithelia or lipofibroblasts, whereas in unlavaged lungs from GM-CSF KO animals, lipid droplets were clearly confined to lipofibroblast cells, with no obvious AT2/AT1 accumulation ( Figures 7B and  E5 ). Taken together, these data identify lipofibroblast cells as the site of a major accumulation of potentially lipotoxic neutral lipid in the GM-CSF animals.
TEM
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For control livers ( Figure 7C ), the majority of lipid material present was estimated in a size range consistent with VLDL particles previously described in mice (31) . In the case of GM-CSF KO animals, the livers show at least three types of lipid particles. In addition to likely nascent VLDL-sized lipids, there are larger lipid droplets, many of which are clearly bounded by a lipid bilayer (Figures 7D and  7E ). These would be consistent with macrovesicular lipid droplets. At higher magnification ( Figure 7E ), it is clear that there are significant "bunch of grapes-like" clusters of very small, microvesicular lipid droplets throughout the cytoplasm of hepatocytes. The accumulation of hepatic lipid in this PAP-linked steatosis is largely confined to hepatocytes, with no apparent Kupffer cell involvement.
Discussion
Homeostatic regulation in metabolic systems ensures that they can maintain ORIGINAL RESEARCH equilibrium within a normal range of values when challenged by external stressors. For lipid metabolism, it is the combination of lipid uptake, synthesis, degradation/turnover, and export that is balanced to preserve cell and tissue integrity without lipid excess or deficit. Any large and sustained change in one or more of these factors has the potential to shift the equilibrium position beyond an organism's ability to compensate effectively. This is evident for the deranged surfactant metabolism that is characteristic of PAP (10) . In PAP, the lung lipid metabolism steady-state position lies significantly outside of the normal range. So, as a result of defective AM function and an associated accumulation of excess lipoproteinaceous material, it is unsustainable without therapeutic intervention(s) that target the removal of alveolar surfactant congestion. Unsurprisingly, therefore, many PAP studies have addressed the respiratory sequelae stemming from a compromised or blocked capacity for alveolar gas exchange. Detailed lipidomic evaluations of pulmonary tissue PC synthesis, secretion, and turnover in PAP and any distal tissue sequelae have not been well documented. Our lipidomic analyses of lungs and livers, and use of complementary modes of histopathology confirmed much of what was already known. In addition, we identified new phenotypic characteristics. GM-CSF ablation, in addition to producing substantial accumulations in BALF surfactant and AM accretion of lipotoxic material, is characterized by tissue lipotoxicity in both whole-lung and liver tissues. In particular, the steatoses in lipofibroblast cells and whole liver from GM-CSF KO animals are novel observations in this model, as is the pattern of associated liver fibrosis shown by SHG. Moreover, the increased flux through lung PC biosynthesis was unexpected, and in the light of previous observations (11) suggests that increased basolateral secretion of PUFA-enriched PC from the lungs likely accompanies GM-CSF ablation.
The PAP-associated, parallel accumulations in whole-lung PC and liver PC are striking, without an immediately obvious rationale for linkage. The simplest explanation is coincidence. The lung and liver both synthesize mixed-composition PC species but retain predominantly saturated and unsaturated molecular species, respectively, reflecting the distinct requirements of each tissue to maintain appropriate lipid synthesis and secretion capacity. The lung requires saturated PC for pulmonary surfactant production, whereas the liver needs unsaturated PC species for VLDL construction and secretion. The obvious explanation, however, cannot account for the observed GM-CSF KO-associated increase in liver PC or the enrichment on PUFA-containing PE species ( Figure E2) , which is the substrate for the PE N-methylation pathway of PC biosynthesis (32) . An alternative teleology involving a highly regulated interaction between the two organs, as well as a complementary lipid exchange to ensure optimal resource and energy utilization, has not yet been explored. However, the emerging pattern of data from lipidomic studies is beginning to point to a likely coordination of mechanisms that, at least indirectly, intimately link the PC metabolism of both organs. Moreover, it suggests that significant perturbation of PC homeostasis at the level of one organ, such as that manifest in the PAP lung, may in turn have dramatic consequences for whole-body PC/lipid metabolism.
Before DSPC is secreted, the lung synthesizes, enriches, and transiently stores it as an LB surfactant (20) . The absolute amounts of lung PC that are synthesized in vivo exceed whole-lung requirements by an order of magnitude (19) , with the excess, unsaturated PC that is not destined for alveolar secretion being returned via a basolateral route (25, 33, 34) to the circulation. Indeed, the lung itself may be second only to the liver in the secretion of PUFA-rich lipoprotein into the circulation, albeit as an HDL destined for liver recycling rather than as a VLDL. Through a combination of de novo synthesis via the N-methylation pathway (24) and salvage from lipoprotein remnants, including HDL (32), the liver amasses PUFA-rich PC for VLDL construction before the PC is distributed via the circulation (32) . More saturated hepatic PC species predominantly synthesized through the cytidine diphosphocholine pathway (24) are segregated and preferentially secreted with the bile (33) . Accordingly, unlike the majority of organs, the lung and liver are each responsible for the secretion or export of significant amounts of both saturated and unsaturated PC.
Given these observations, and despite previous demonstrations of anterograde (via VLDL) and retrograde (via HDL) lipidtransfer capacities that link the lung and liver, it is surprising that a potential coordination between these two organs has received little attention. Our data add weight to the possibility that these spatially segregated but apparently complementary phenomena operate in concert.
Newly synthesized lung PC does not display the same extent of saturation enrichment that is characteristic of a mature, secreted surfactant PC pool (20) . Instead, progressive enrichment of saturated PC species operates to achieve the final surfactant PC composition in the alveolar space, a process referred to as remodeling. The conventional understanding of remodeling derives largely from work with cell-free homogenates (35) (36) (37) rather than from quantitative studies in vivo. It views the main route to saturation enrichment as a molecule-level, post-synthesis acyl exchange process to remove unsaturated fatty acids, followed by replacement with an acyl-coenzyme A-dependent saturated fatty acid (35, 36) . However, our data (19) indicate that in the mouse in vivo, a sufficient synthesis of surfactant DSPC de novo is continuously maintained in vivo and is able to keep pace with physiological demands. There is no need a priori to resort to the conventional interpretation of significant acyl-chain remodeling of newly synthesized material (35, 36) , provided that the newly synthesized unsaturated PC excess is quickly exported from the lung. This startling but experimentally verified observation presents a puzzle: how is that excess unsaturated PC recycled away from the lung? From three samples each of control and granulocyte-macrophage colony-stimulating factor knockout (GM-CSF KO) lung and liver tissues, 10 fields of view (FOV) were selected (i.e., 30 for each group) and subjected to coherent anti-Stokes Raman scattering (CARS) imaging. Upon subsequent image analyses, the distribution of lipid droplets was characterized using arbitrary size ranges broadly defined as small, medium, and large. The CARS image intensity reflects the lipid concentration, permitting semiquantitative assessment of the total lipid change. Increases in total lipid and droplet sizes are readily apparent in both the lungs and livers of GM-CSF KO animals.
Even under normal metabolic parameters, steady-state enrichment of surfactant DSPC in the lung requires that the significant excess of newly synthesized PUFA-enriched PC must be removed from the lung environs. PC remodeling in this excess-synthesis scenario therefore becomes a high-capacity, selective, PUFA-enriched PC species removal process rather than a high-volume breakdown and reconstruction mechanism. In addition to being more energetically efficient, this process would enable the established acylremodeling mechanism to correct "mistakes" and effectively tailor LB compositions for a particular purpose.
The export of PUFA-rich PC from AT2 cells involves basolateral transport to nascent HDL particles that are subsequently returned to the liver for reuptake and recycling. Retrograde transport of PC facilitates HDL construction and reverse cholesterol transport from peripheral tissues (38) . The export of excess polyunsaturated PC likely accompanies cholesterol secretion via basolateral transport. Two ABC transporter proteins with recognized roles in cholesterol and phospholipid homeostasis, ABCA1 and ABCG1 (39) , are expressed in both AMs and lung epithelia. Murine ABCA1 KO (33) and ABCG1 KO (40) both result in a phenotype resembling PAP, with alveolar proteinosis and lung accumulation of surfactant and neutral lipid. Moreover, functional ABCA1 and ABCG1 both appear to be required in AMs and epithelia for effective alveolar lipid management, since increases in AM ABCA1 after ABCG1 ablation do not rescue the phenotype (41) . AMs from human patients with PAP also have decreased levels of ABCG1 expression and increased ABCA1, supporting that idea (41) . Furthermore, studies have shown that cholesterol efflux to preformed HDL specifically requires ABCG1, whereas efflux to apoA1 requires ABCA1 (42) .
The HDL returned from the lung to the liver likely arises both from lipid transfer to circulating nascent lipoprotein and via in situ construction de novo from lungtissue-synthesized Apo-A1 (43). Capacity for de novo pulmonary HDL construction exists in humans and mice and operates with increases in circumstances where surfactant is known to accumulate (44) including perinatal surges in surfactant synthesis and storage where synchronous increases in lung parenchymal Apo-A1 mRNA production occur (43, 44) .
The elevated unsaturated PC content observed in the liver after GM-CSF ablation suggests either a reduced rate of lipoprotein secretion resulting in a larger, unsecreted pool or an increased rate of reuptake of HDL enlarging the steady-state pool. Quantitative assessments of the hepatic uptake of HDL particles have established that 50% of the HDL PC PUFA is directed to transient TAG storage and the other half is directly reclaimed for VLDL construction and secretion (32) . Any shift in the equilibrium position that would accompany even small but sustained increases in HDL uptake outside of the normal range could mandate larger transient PC and TAG pools. Once these pools are of sufficient magnitude, steatosis may result. Our data strongly point to a mixed steatotic pattern in the liver of GM-CSF KO animals, in which both microvesicular and macrovesicular characteristics are apparent. The fibrotic damage evidenced by the collagen fibrils present in both the lung and the liver reflects that seen elsewhere in cases of lipotoxicity (45) , pointing to sustained inflammatory responses to lipid accumulation that have injurious consequences. Interestingly, this hepatic damage in PAP may have a reciprocal relationship with that seen in the lung and AM lipotoxicity reported in an alcoholic liver cirrhosis model (46) . The PAP literature suggests that hepatic pathology is not commonly recognized, most likely due to minimal prior exploration of the possibility. However, reported human PAP pathology, at least in one specific genetic cohort, includes a hepatomegaly component that may stem from lipid accumulation and relate to our observations (47) . Moreover, a study of bleomycininduced fibrosis showed that liver steatosis can arise alongside the lipid metabolism changes that follow lung damage and tissue repair (48) . These findings add further weight to the idea of a coordinated hepatopulmonary axis of lipid metabolism. Deranged hepatopulmonary coordination of lipid metabolism may be a common phenomenon that merits closer examination in both primary lung and liver diseases. n Author disclosures are available with the text of this article at www.atsjournals.org.
